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DntoDduje^on 

In ttta past few years, significant advances have bean made 
toward understanding the molecular basis for the develop- 
ment off colorectal cancer. En both sporadic and familial colon 
cancers, mutations in specific oncogenes, such as c-/a$. in 
tumor suppressor genes, such as APC, MCC, and p53, and 
in DMA repair genes, such as MSH 2, have all bean Impli- 
cated as rmportznt to the development of a majority of tu- 
mors (1). However, considerably less Is known about the 
cumulative effects of mutations in these genes on growth- 
regulatory signal transduction pathways of cotoroc epithelial 
cells. One family of signal transduction enzymes, the nonre- 
ceptor PTKs* of which arc is the prototype, is activated in 
nearly every human colon tumor, resulting in specific activ- 
ities of the enzymes equivalent to the cognate retroviral 
oncogene products (2-4). For ppSO 0 ^, actrvaMcn is fcrst 
observed In an ©srty stage of Umwigonosis, beginning with 
pcSyps of high maltgnant potential (5) and persisting through 
subsequent stages of tumor progression. Furthermore, ad- 
ditions* increases In enzymatic activity occur during the de- 
velopment of distant metastases (4 - 6). Similar activations of 
pp33 0ayc ' have been observed in cc&nic polyps and primary 
tumors (7, 6% Sporadic activation of pQ2 c '** has also been 
reported in some colon tumor cell fines (9). 

The mechanism for the observed alterations of enzymatic 
activity of arc family PTKs In colon tumors Is unknown but 
would appear to result from altered posttranslational regula- 
tion of the PTK activity, because mutations in the sre family 
genes are not found in colon tumors (10). Several growth* 
regulatory pathways in which pp60 c " OT kinase activity is 
increased have been identified. For example, in fibroblasts, 
regulatory signals that increase the PTK activity of sre family 
kinases include aggregation of integrins (11) and possibSy 
other extracellular matrix components and the addition of 
several mRogenlc peptides (12). AdrHtJonaDy In the ceO cycte, 
sre family activity is required in G2 phase for fibroblast cell 
division (13) and is activated during M phase (14). Thus, 
activation of sre family PTKs during tumorigenesis of colonic 
epfthsTieJ cells may be the result of primary genetic changes 
in genes other than c-src that lead to constitutive deregula- 
tion of one of the pathways in which c-src participates. 

Regulation of sre family PTKs appears to be important in 
normal colonic epithelial cell growth and differentiation. 
Normal colonic epitheSai cells express both ppSOf^ and 
pp62°'* C3 (15), and the activity of these enzymes is higher in 
actively dividing crypt cells than in more differentiated cells 
(1 6). Thus, high specific activity off arc family tyrosine kinases 
may be a marker of proGferatlon. However, hyperproliferation 
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alone is insufficient to explain increased pp60 csrc activity in 
malignant and premalignant colon epithelial cells, because 
the enrymatic activity is increased in ulcerative colitis as 
opposed to inflammation (i 7) and in polyps of high malignant 
potential as opposed to more "benign" polyps (5). Activity 
remains high in primary tumor and in metastases. Addition- 
ally, PTK inhibitors greatly reduce the growth of colon tumor 
cell lines with activated ppGff "* (18). These results suggest 
that src family activation may contribute to the altered growth 
regulation of colon tumor cells. Whether these changes are 
important to tumorigenesis of colonic epithelial cells or are 
only the result of malignant transformation was examined 
in this study by specifically inhibiting the expression oi 
pp6Qc-*c a well-characterized human colon adenocar- 
cinoma cell line, HT 29. 

Results 

To accomplish Inhibition of pp60 c "* rc expression, we used 
antisense oligonucleotides and expression vectors directed 
against the translation start site of pp6CF~**. As a model cell 
line, HT 29 human colon adenocarcinoma was used because 
both pp60 c -' c and pp62 c>T " have high specific activities ir 
these cells. Twenty-two base sense and antisense unmodi- 
fied oligonucleotides were synthesized, beginning five bases 
upstream of the ATG translation start site of c-src. This 
region has only 43% homology with c-yes. Increasing con- 
centrations of each purified oligonucleotide were added to 
HT 29 human colon adenocarcinoma cell cultures in serum- 
free medium. After a 1B-h incubation, the cells were har- 
vested and lysed, and kinase activity and protein levels were 
determined. As shown in Fig. 1 , dose-dependent decrease:, 
in pp60° OT kinase level (A) and kinase activity <S) were 
observed in HT 29 cells treated with antisense oligonucleo- 
tides to a maximum concentration of 75 jim. No further 
inhibition was observed at 1 00 hm. No changes in either c-src- 
protein level (Fig. 1 A) or activity (Fig. 1 B) were observed in thc> 
cells treated with the sense oligonucleotide compared to mn 
control HT 29 celts. No inhibition of c-yes expression or 
kinase activity was observed (data not shown). These result*; 
demonstrate that the c-src antisense oligonucleotide specif- 
ically inhibits c-src kinase activity and protein expression. 

To evaluate potential alterations in proliferation and tumor 
igenicrty resulting from reduction of c-src expression and 
activity, the antisense and sense oligonucleotides were in - 
corporated into a pcONA l/Neo plasmid vector under the 
control of the cytomegalovirus promoter and transfected into 
HT 29 cells; clones were selected in G418. The kinase ac 
tivities and protein levels of ppeo 0 ^ and pp62 c ^ weru 
determined in antibiotic-resistant clones, as described in 
"Materials and Methods." Fig. 2 compares the results from 
parental HT 29 cells {Lanes 1 ), two antisense transfectank; 
termed AS15 (Lanes 2) and AS33 {Lanes 3), and a "sense" 
transfectarrt, termed S20 (Lanes 4) for kinase activity by 
autophosphorylation of pp60 c "*' c or pp62°" y< " (Fig. 2A), 
phosphorylation of an exogenous substrate, enolase (Fig. 
28), as well as relative protein levels by immunoblotting (Fig. 
2C). No differences In expression or activity of pp60°"*^ tv 
pp62 c " > ** were observed between parental HT 29 cells and 
the "sense** transfeclant S20. However, clone AS15 wail 
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Hg. 1. Eiprwssion a)d actMty of pp60°^ In HT 29 colon adenocarci- 
noma cells treated with c-src sense and antisense ofigonucJeotidas. 
Twenty-two base sense (5 f -GGACCATQGGTAGCAACAAGAG-3*) and 
antisense (5' *C TC CTTGm GCTA0CCATGGTCO3 ") unmodified oigonu- 
deotkJee were synthesized as descrtoed in -Materials and Methods." 
Concentrations cf each oligonucleotide indicated in the figure were added 
loeubconftuent HT 29 cultures (5 x 1 0»cel3) in serum-free medium- After 
a 16-h incubation, detergent lysates were made in a standard racBoinv 
munopreclpKation assay buffer and subjected to immunoblotting |A) or 
htnwirwprecipftafion and immune complex kinase assay (S) for pp60 p - rtS 
as described. 



reduced 4.5-fold in ppGCf'** activity and level with respect to 
parental HT 29 cells (compare Lanes I and 2), and clone 
AS33 was reduced 2-2.5-fold In pp60°^ kinase and 2-fold 
In protein level (compare Lanes 1 and 3). To determine the 
specificity of Inhibition of pp60 e "*' e reduction, the expression 
and activity of the related sre-family member pp62 c * /WI was 
assessed. As shown in Fig. 2, the expression and activity of 
pp62 c yas In all transfectants were comparable to parental 
HT 29 cells. 

The morphology of AS 15 cells In comparison to parental 
cells is shown in Fig. 3. Subtle morphological differences 
from parental cells are noted, with AS15 cells growing in a 
more elongated, organized pattern. Cells at the edge of 
colonies have a more serrated, villua-iike appearance. How- 
ever, these changes did not correlate with increased expres- 
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Fig. 2. Expression and acthrfty of ppSO 0 "*" and pp62 e ^» In parental HT 
29 cells {Lanes J), "antrsense- transfected donee A515 (Lanes 2) and 
AS33 (Lanes 3). and a "sense" transfected clone, S20 (Lanes 4). Stable HT 
29 subclones were isolated, and ceil lysales were subjected to immuno- 
btotting and Immune oomptex kinase assays tor pp60°^ and ppe^ ^ 
as described in -Materials and Methods," A auloprrasphoryhrtk™ of 
ppeo*^" or pp6Z°" rP ': a, phosphorylation of the exogenous j ' 
enoiase: C, rotative Iwee of ppec** 9 and pp62^>~. 




sk>n or altered distribution of vOlin (data not shown). By 
electron microscopy, the number of microvilli was unaltered, 
and no evidence for mucin granules was observed. Thus, 
AS15 cells lack classic hallmarks of differentiation of KT 29 
cells. No morphological changes were observed In AS33 
cefts or in arty clones derived from •sense'* transfectants. 

Proliferation rates of the clonal cell lines ki tissue culture 
are shown In Rg. 4A. HT 29 and S20 cells had doubling times 
of 23 h, as compared to 28 and 36 h for AS33 and AS1 5 cells, 
respectively. To examine anchorage-independent growth, 
soft agar colony formation was assessed as described in 
"Materials and Methods/ No difference in ability to form soft 
agar colonies was observed between parental HT 29 cells 
and S20 "sense* transfectants. AS15 cells were 5-fold re- 
duced in number of colonies, and AS33 cells were 2-foW 
reduced. The number of ceHs/colony were also fewer for the 
antisense transfectants: however, longer growth periods did 
not significantly increase the number of colonies formed by 
these ceHs. 

To determine if reduced ppSO 0 3 ^ level and activity af- 
fected tumorlgenicity and growth In nude mice, two clones. 
AS1S (antisense transfected), and S20 (sense transfected) 
were Injected in equal numbers (10 8 viable cells) into the 
flanks of nude mice. Growth of tumors induced by these cell 
lines in nude mice is shown in Fig. 4fl. In three separate trials 
of 5, 8, and 8 mice per cell hype, 100% of mice inoculated 
with either parental HT 29 or •sense" transfectants devel- 
oped tumors. In contrast, only 70% of mice inoculated with 
the reduced src clone, AS15. developed viable tumors. 
AS15-kioculated mice had a significant lag period in tumor, 
development compared to parental and sense clones, with 
clearly visible tumors not appearing before 30 days after 
injection. After 50 days, tumor volume resulting from growth 
of antisense transfectants was approximately 1000-fokJ less 




Ra 3. Morprtotogy of AS15 and pa/ertal HT 29 cells. Pbotomicrographs 
of eel cultures were taken 3 days after seeding 2 x10 s eels in tissue 
cuture medium. A and C. x 150: B and O. x300. E HT 29. x400; f. AS15. 
X400. 



than that of the "sense" transfected clone. S20 and parental 
HT 29 cells. Growth of AS33 tumors was intermediate to that 
of parental and AS15 clones, in accord with the intermediate 
steady-state levels of ppGO 0 ^ expressed in this done. 
Thus, reduction of ppeo*^ expression corresponds directly 
with decreased tumorlgenicity. Furthermore, the decreased 
proliferation rate of these in tissue culture is insufficient to 
account completely for the reduction in growth rate in nude 
mice. 
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Rg. <J. Gnrcrth of perantei KT 29 csOa and donss AS15 end SOT oaQa in 
vrtro end In nutta mJoa. For ft? wftro grovrth (A), 1 x 10° cdto wsro sesttetl 
EnC0-nrnitbsuocuHured^t39wfthD^£M t supptemgntgd t»6)h 10% total 
bovino scrum. VteKa ceSa rcsro counted ©very second day. For to Wtai 
gra*yth(0). 1 x 10° ceOa of c£xft deno infscted a.c. In the Rank ol 
eStfrt nu<to mtea/cefl fiypa Tumor dJamstosv ware rrtaasuredbhvcsfttywffli 
caCpcra, and tumor vcicrca was catalysed, tos* SE. 



Dfecuoslon 

These findings support an Important role for ppSO 0 ^ In the 
turnongantcity of a cctoi adsnoc&ctooma cetl line. Given thai 
frequency of increased speeffic actrvrty of this PTX in human 
colon tumors and ceiJ lines, the results suggest that active- 
tion of ppSO 0 *" 1 " is a common downstream event foCowirtfl 
genetic alterations leading to coion cancer. The close asso- 
ciation of c-src activation with critical earty events tn malig- 
nancy, /.a., activation In polyps of high malignant potential 
but not in "benign'' pofyps (5), in ulcerative colitis but no) 
inflammation (17), demonstrates that increased enzymatn: 
activity Is fikely an important common event In the develop- 
ment of colon cancer. Sim3ar Increases In c-y&s activity havn 
also been observed in earty stages of colon tumor develop- 
ment (19. 20). Although the ro5e of c-yss activation in earty 
events in colon tumoriganesls is as yet unknown, the results 
of this study impSy that activation of ppGQ?' 0 * alone may bi> 
critical to sustained fumorigenlctty and tumor cell growth. 

In two human teukemla cell Ones, U237 from e histiocytic 
lymphoma (21) and K562 from a chronic myelogenous leu- 
kemia (22), c-src expression has also been implicated a> 
Important for proliferation and differentiation by a strategy hi 
which the compiete v-src gene was expressed In the antl- 
sense orientation. These results may suggest a wider role for 



c-%src expression cn the growth of tumor cells. Alternatively, 
because the ability of the v-src antisense expressed In this 
vector to Inhibit other members of the arc family was not 
assessed. Inhibition may result from normal functions of the 
src famfiy In growth-regulation pathways. 

In the experiments presented in this report, biological ef- 
fects occurred without c-yes EnhfaHicn. TWs result Is some- 
what surprising, because src "knock-cuF mice suffer no 
apparent defects In development or function otf the colon 
(23). suggesting that another femfiy member (presumably 
c-yes) Is redundant for c-src signaling functions in these 
processes. However, recent evidence has demonstrated that 
c-src Is more important than c-yes tn the production of 
vascular endothelial growth fector induced by hypoxia (24). 
tn accord with this result, we have cCsmcnsSrated thai the 
antisense transfectants are reduced In vascular endothelra) 
growth factor relative to parental ceSe, proportionately to 
reduction cn steady-state pp60 c * fC levels. 5 Thus, decreased 
vascular endothelial growth factor production might explain 
the differences In the proliferation rates of antisense trane- 
fectants In tissue culture relative to their ability to grow tn 
nude rntoe. Cndeed. mice with AS15-intfcrced tumors have 
survived for mora than 1 year, w5th tumor burdens no toga? 
than those induced by KT 29 celts In ©0 days. 

In other modal systems in which src family activation is 
required for tumor development c-src and c-yes are also not 
redundant in tumerigsnSc function. In transgenic mice ex- 
pressing the polyoma virus-encoded middta T oncogene in 
mammary epithelium, mamman/ tumors universally develop 
(25). When these mice are crossed wKh "STclees" mtee> the 
progeny do not develop mammary tumors (26). In contrast, 
when the mice are crossed with mice in which c-yss tea 
been functional^ deleted, mammary tumors develop consis- 
tently, although ppS2°'* C3 , tike pp£0°^. is capable of asso- 
ciating with polyoma middle T antigen, an association which 
increases the specific activities of either src family member 
[reviewed by CourtneidgeeJ a/. (27)]. Thus, in several tumor 
systems, activation of pcSO 0 " 0 " 5 in the absence of mutation 
may be critical to tumor development However, to eliminate 
any potential rote for c-y&s in colon cancer, further experi- 
ments wfill be required. 

The mechanism by whSch Increased specific activity of 
pp60 o<rt5 Kinase occurs in colon cancer remains unknown. 
However, recent data have demonstrated that cytosketetal 
and extracellular matrix proteins may induce signaling 
through src [reviewed by Erpsl ef a*. (28)J . Because several of 
the genetic mutations that commonly occur in colon cancer 
development involve proteins of the cytosScelston (APC, 
DCC, and MCC). an obveous possibility Is that these proteins 
play a rote in normal regulation of ppSC*" 1 "* activity, which is 
higher in actively dividing crypt cells than in differentiated, 
nonproBferatrve colon epithelial ceSs. The strategy used here, 
i.e., specific reduction of expression through the use of a 
smatJ antisense transcript, may provide further insight into 
the signaling pathways in colon epttftsUai cells that involve 
ppSO*^ regulation and the relative rotes of src family mem- 



5 L Eto end Q. Gsftck. unpubttshod date. 
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bars in colon tumortganssis end progression. Furthermore, 
tha differences beiwesn thQenzymssrnaybaoxpiojted in tha 
destgn of PTK Inhibitors. A sre-speeffic traitor wcuki ba 
expected to hare limited toxicity bu* effectively and specif- 
ically reduce the growth rata o? colon tumor cells. 



irith ce3para. En animate in which turners torrncd. tha averaga tumor 
^•ciums was ccJcuJated. 
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l>. a & Arlinghpua ter careful reading of tha manuscript 



Kteto^o end QfiotffoofSo 

CoflCuSnro. HT 29 cello wero rc*23nt£incd fn DMEM \3rth Eoto's setts end 
2 rrca gtutcfhfna (U?o Technoto gte a. Inc.. Grand Island, MY) s u ppjqmented 
with 10% total bovina esmm {Hydono Ufconrtcnos, Inc.. Logan, UTX For 
studtsa wfth cntisensa oTtgortuctsotidss, cg3s wero tomsCsmed to serum- 
Dea ntsriSo 12 h prior to tha Btftffton of Okd oCp^OTucfcofltda. 

bQCiOBEspn^pKottm C3td troroato Cc35ss5an Ktsco A cs o^a. Prtor 
to lysis, cefls were rinsed twice with fes-cedd PBS. DdGf^snt ryastes wcro 
made bi a etan defd redic±7rimunoprGdpac2JQn acasy bufCer. Ce2s were 
homogcrdacd end ctertfted by c^ntiCugcHon e3 10,080 » g. Cefl fysates 
£50 pg protein) war© reacted tor 2 h with etther rranodanai antZbody 327 
{Oncogene Sdsrcces) for brtnuirtoprccipitarJon of cpSO^* 1 or 1 97 (Wafco, 
Inc., Richmond. VA) for lrtmmoprec4prtatton of pp32 0 ■* :5, . tmmuno ccm- 
pJesea were formed by tha eddtton of 6 of rebbjt enth-ntouea HjQ 
(Qmanon Teknltta, Durhcm. KC) tor 1 h, fo3cwed by 30 pi of 10% fv/v) 
fenrnafln-ftaed Pcnsoahfri (Stcpfgrtaroccutt cu/cus, Cowen drain; CaEbio- 
chem, LQ JoMo, CA) for 30 min. Pefleto wcro washed threa timsa tn a buffer 
consisting of 0/1% Triton X-1G0, 150 rrca fsteCJ. and 10 m» sodtum 
phofiprtaaa. Emmurts oompfcw Wnaaao assays wot pcrfonT>sd by s 
procedures as described prcvJousJy (16). 8rte£y, raactiona tasre crdtiated 
at 4TC by tha adcCBcn to each sampb o7 10 itO c3 [r^^ATP. 10 rroa 
P^*,aitd1Q0^sodiLmriorthovEnadato 

rnln, rescttons woro tETmJrcted by tha addition of SOS s&mpJa bufCsr. 
Proteins war© separated by SDS-PAGE on 10% polysxry&rreda rjsJs, end 
rsa^oactiva proteins ware detected by su^mxEcgzophy. Qusntrteiton of 
c5f«Sfcnceo tn cctMty was determinsd by dcncScme&y. 

tawaOToWottfcsg. Ctoffted ceQ lysatea &SO ^©/tena) were eaparated 
by SDS-PAG£ on 10% gab end oSsctrcbtottsd onto poryvinyCdcne oTCu- 
crtda membranes (Amsrehssn Corp., Ctccs^o, tL) ucotd s8enda/tJ prooo- 
durca (16). Wtembrcnca were bioched wKh 1596 sSdmmcd tvSCx tn PBS. 
then mouBated wRh anO-src or enthyas anttbodtso si 1:1000 dilution, 
foQowed by horaeradlsh psrojddass-confugeted rabba enf}- mouse igO. 
SpaoKte bJrufng d antibody was datermtnad usfn^ tha ECS. detection 
system (Amsrsham). 

CC2g«KSo3ootiaa Sprflhaata. Twenty-two beso oonaa (S'-GQACCAT- 
QGQTAGCAACAAGAG3') and antlssnsa (S'-CTCCTTGTTGCTTACCCAT- 
QGTCC30 unmodified oGsonucfaotjdas wera synthesized by standard 
protccoto {TVHE!^i>ro Cyctor>e plus DNA S)f7ittvZ3iZ&), <^v^ctectcd vrtth 
NKaOH, end adrscted with 1-butcno) (29). 

CoTtalncsSSsn c7 c-cne Qji^TCOCion Vcatora ctmD T^oic0ac2ktn> A 
conabuct sparining tha trena^^ 

ennea&tg two prlmsjs P'"AGCTTCGACCATGGGTA(KJAACAAQAG- 
CAAGCCCAAGGAT^3*) and P'-CTAGATCCTTr^H3CTn3CTCTrQTTGl> 
TAOCCATGGrTCCA-3'V The cntfsanea consouct was synthesized in a 
clmJter rrtsnney wt2h tha two prfaners (5'-AGCTATCCTTGGGCTTGCTCT- 
TaTTGCTACCCATQQTCCT-3') and 6'-CTAGAGQACCATGGGTAGCAA- 
CAAGAGCAAGCCCAAGGAT-3'). Tha pcONAJ pSasrnid OnVHroosn) was 
tnen (£gcs5cd witfi H/ndlJI end ^bc3. t^ptl a tggiixm ruction psifomicd 
to tnccvt a^ta onca and antlscn&o constructs. ESchsffcttSo c&J was trcna- 
formed by tha ptesntids. saJected donee wcra hcTva^Sed, tha bs c tcrlo 
wcro tysed by aika^ treatment, and plasmida wera purified. Confirms! ton 
of the correct insert was determined by PCJR CcGowed by DMA sa- 
Qusnc&tg. 

Ttrcx&otiOon. HT 29 os^s wcro gTOwn to 70% ccnCusncy. Cdte waro 
trcmfLxtua tn oarum-frea madia tore hwtmthaaJdof L toofscto rifnapjfe 
Sctsncas) at a ratio of 100 of Ppofeotemtnc/lfl mo c7- ptesmid DMA. 
041B^restetana coJcrtas ware expendadL end the resuming ctonca wero 
ccrecrtad for ojtpnasston end actMty of ppfiu 0 ^ 0 * 0 , os dascHbad ebouo. 
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wfth tho ekl of a hemacytometer. Cods (1 x 10*) a? each dona wera 
Injected sue m tha flertSt of dght rtuda mica/coQ typo. After tumors wera 
detected by visual cbserve&on. tumor dl£7n6t67B wero measured bhfltisebfy 
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